Summary. The complete nucleotide sequence of RNA-2 genome segments of four isolates of Peanut clump virus (PCV) and two isolates of Indian peanut clump virus (IPCV) were determined. Comparisons among the complete RNA-2 sequences of six isolates from this study and two published earlier, revealed a high degree of variability in size (between 4290 and 4652 nucleotides) and nucleotide sequence identities (between 58 % and 79 %). Amino acid sequence alignments of the five open reading frames (ORF) showed that ORF 4, which encodes the second of the triple gene block proteins, is highly conserved (90 to 98 % identical) whereas the protein encoded by ORF 2, whose function is unknown, is less conserved (25 to 60 % identical). The coat protein of the eight isolates showed amino acid identities between 37 % and 89 % and contained several conserved residues. Phylogenetic comparisons, based on complete RNA-2 sequences, revealed that the eight isolates grouped into two distinct clusters with no geographical distinction between PCV and IPCV isolates. Phylogenetic tree topologies for individual ORFs showed an overall similarity with that obtained from entire RNA-2 sequences, although the relative positions of individual isolates vary within each cluster. The results indicate that there is substantial divergence among the RNA-2 genomes of pecluviruses and suggest that different proteins have evolved differently, possibly due to different selection pressures.
Introduction
The genus Pecluvirus contains two species: Peanut clump virus (PCV) and Indian peanut clump virus (IPCV) [8] . PCV occurs in West Africa and IPCV in the Indian subcontinent. Both viruses induce similar, though not identical, disease symptoms in peanut (= groundnut, Arachis hypogaea L.) called peanut clump [30, 35] . Diseased plants typically show severe stunting due to shortened internodes and the leaves appear dark green with reduced size resulting in plants appearing bushy or clumped. In some cases, the diseased plants show variable symptoms without clumping [18] . Peanut clump disease causes considerable economic impact on peanuts in certain regions of Africa and the Indian subcontinent [29] . PCV and IPCV are soil-borne and reported to be transmitted by Polymyxa sp. [30, 35] . Both viruses are also transmitted by mechanical sap inoculation and through seed [15, 28, 30, 35] . PCV and IPCV have extremely wide host ranges, which include monocotyledonous and dicotyledonous plants such as peanuts, pearl millet, finger millet, sorghum, barley, wheat and sugarcane [6, 18] .
PCV and IPCV contain bipartite genomes encapsidated separately in rodshaped particles of bimodal length [30, 35] . The RNA-1 and RNA-2 of PCV (isolate from Senegal [34] , designated PCV-S in this study) are 5897 and 4504 nucleotides (nt) in length [11, 17] . The RNA-1 of an isolate of IPCV (designated IPCV-H) and RNA-2 of another isolate (designated IPCV-L) are 5841 and 4290 nts in length, respectively [23, 25] . Sequence comparisons showed that the RNA-1 of PCV and IPCV is more conserved than RNA-2 [23, 25] .
Based on the serological relationships, using polyclonal antibodies, IPCV isolates have been distinguished into three serotypes [26] . A comparative analysis of their coat protein (CP) sequences revealed significant diversity and indicated that they are as distantly related to each other as they are individually to an isolate of PCV [25, 37] . Huguenot et al. [14] and Manohar et al. [18] reported, using a panel of monoclonal antibodies, antigenic diversity among several isolates of PCV in West Africa. However, information on the variability in CP sequences of PCV isolates is not available to determine the extent of nucleotide and amino acid diversity among themselves and with the IPCV serotypes.
In this study, we determined the complete nucleotide sequence of RNA-2 of four different isolates of PCV from three different countries in West Africa. We also obtained sequence information for the previously unsequenced portions of the RNA-2 of two IPCV isolates studied earlier [25, 37] . Comparisons among these sequences, and those published earlier [11, 17, 25] revealed a high degree of variability in RNA-2 genomes of PCV and IPCV isolates.
Materials and methods

Virus isolates
The origin of different isolates of PCV and IPCV used in this study is summarized in Table 1 . The IPCV-L, -D, and -H isolates, belonging respectively to the L, T, and H serotypes of IPCV [26] , were from the same source described in previous studies [25, 37] . The four PCV isolates [24] . In preliminary studies, PCV-Ni, but not PCV-N, -M, and -B, showed a positive serological reaction with polyclonal antibodies to PCV-S from Senegal [34] . All four PCV isolates, like PCV-S, did not cross react with polyclonal antibodies to the three IPCV serotypes.
RNA extraction and RT-PCR amplification
Nicotiana benthamiana plants were inoculated separately with PCV-Ni, PCV-N, PCV-M, and PCV-B isolates using extracts from infected peanut leaves. After a single mechanical inoculation to N. benthamiana, total RNA was extracted from infected leaf tissue using a RNAeasy Plant Mini Kit (Qiagen Inc., USA). In the case of the IPCV-H and IPCV-D isolates, viral RNA preparations extracted earlier from purified particles were used [25] . For RT-PCR, two sets of primers were used to amplify RNA-2 specific sequences. Primers were designed based on conserved sequences identified by aligning the RNA-2 sequences of IPCV-L (accession number AF239729) and PCV (accession number L07269). Primers PCW1 (5 ACCATCCCTTGTATCCAA) and PCW2 (5 GCAAGATTTCAGCACTTTG) correspond, respectively, to nt 54-71 (sense) and to nt 2802-2820 (complementary) in IPCV-L RNA-2 [25] , and amplify a fragment of about 2.8 kb representing most of the 5 non-coding region (NCR), ORFs 1 and 2, and part of ORF 3. Primers PCW3 (5 CAAAGTGCTGAAATCTTGC) and PCW4 (5 TGGGATGGATATCGCTCCG) correspond, respectively, to nt 2802-2820 (sense) and to nt 4272-4290 (complementary), and amplify a fragment of about 1.4 kb representing part of ORF 3, ORF 4, ORF 5, and the 3 NCR. The two amplified fragments overlap between nt 2802-2820 in ORF 3 and together represent most of RNA-2 except for approximately 50 nt at the 5 end (Fig. 1) .
Reverse transcription was performed on either total RNA or viral RNA with primers PCW2 and PCW4 at 42 • C for 1 hr using SuperScript Preamplification System (Life Technologies, Grand Island, NY). After denaturation at 95 • C for 10 min, the cDNA was directly used as a template for PCR amplification in a Perkin-Elmer 9600 Thermal Cycler. A PCR program of 94 • C (30 s), 55 • C (30 s), 72 • C (2 min) for 35 cycles with a final extension at 72 • C for 10 min was performed. The 5 ends of RNA-2 were amplified using the GeneRacer TM Kit (Version D, Invitrogen, Carlsbad, CA). A GeneRacer 5 nested primer (supplied by the manufacturer) and an internal primer specific to each isolate were used for amplifying a fragment of about 500 nt. 
Cloning and nucleotide sequencing
The amplified DNA fragments were gel purified, cloned into pGEM-T Easy vector (Promega Corporation, U.S.A.), and transformed into E. coli DH5α. After blue-white selection, plasmid DNA was prepared from single isolated white colonies grown in LB broth in the presence of ampicillin at 37 • C overnight using a Qiagen plasmid kit. For each isolate, a directed sequencing protocol ("DNA walking") was followed using progressive isolate-specific oligonucleotide primers designed based on the partial nt sequence obtained. In all cases, at least two independent clones were sequenced in both directions. Whenever necessary, additional clones were sequenced to confirm regions of ambiguity and a consensus sequence was obtained. In some cases, the gel-purified RT-PCR fragments were sequenced directly in both directions using specific primers. Nucleotide sequences were edited, assembled and analyzed using DNASIS (Hitachi, San Bruno, CA). Pairwise comparisons of nucleotide and amino acid sequences were made using GAP program within the UWGCG package.
Phylogenetic analyses
The RNA-2 nucleotide sequence data generated from this study has been deposited in the EMBL Database under accession numbers shown in Table 1 . The partial sequences reported earlier for RNA-2 of IPCV-H (Accession nos. X76658 and AF239730) and IPCV-D (Accession no. AF239731) matched with the respective RNA-2 sequences obtained in this study, except for the C-terminal sequence reported earlier for ORF 2 of IPCV-D (Accession no. AF239732). Therefore, RNA-2 sequences for IPCV-H and -D isolates obtained in this study were included for sequence alignments and phylogenetic analyses. The published sequences for RNA-2 of IPCV-L (Accession no. AF239729) and PCV-S (Accession no. L07269) were used in this study. Multiple alignments of nucleotide sequences and predicted amino acid sequences of the proteins encoded by different ORFs were obtained using CLUSTAL W from Network Protein Sequence Analysis (NPSA, http://npsa-pbil.ibcp.fr) with the suggested default settings. Phylogenetic analyses were performed by using the neighbor-joining method with the Kimura two parameter model (using programs BTEST and VTRSHOWDAT written by S. Sawyer). Phylogenetic trees were also derived by Maximum Likelihood settings (50 % majority-rule consensus tree with 100 bootstrap replicates) with a heuristic search method (stepwise addition: random, initial 'MaxTrees' setting: 100, branch-swapping algorithm: treebisection-reconnection) using PAUP * 4.0 beta 8 (Sinauer Associates, Inc., Sunderland, MA).
Results
RT-PCR
In RT-PCR, primer pairs PCW1 and PCW2, and PCW3 and PCW4 amplified fragments of the expected size from RNA 2 of PCV-B, PCV-M, PCV-N, PCVNi, IPCV-D, and IPCV-H isolates. In all cases, the RT-PCR amplified fragments were successfully cloned except the PCW1 and PCW2 amplified fragment of IPCV-H RNA-2. Repeated attempts to clone this fragment were unsuccessful and, therefore, the PCR amplified fragments were directly used for sequence analysis.
Diversity in RNA-2 sequences among isolates of PCV and IPCV
The complete RNA-2 of four PCV (PCV-B, -M, -N, and -Ni) and two IPCV (IPCV-H and -D) isolates were sequenced to gain a better understanding of the diversity among different PCV and IPCV isolates. These sequences were then compared with published PCV-S and IPCV-L RNA-2 sequences [11, 25] . Variation in the length of the RNA-2 molecules of all eight isolates was observed (Table 1) . IPCV-L was the shortest with 4290 nt and PCV-M was the longest with 4652 nt. Five ORFs were identified in each of the RNA-2 molecules. They are arranged in two blocks separated by an intergenic region (IGR) of varying length similar to those in RNA-2 of PCV-S and IPCV-L (Fig. 1) , suggesting that the overall genome organization of RNA-2 was identical in all PCV and IPCV isolates. Multiple sequence alignments showed that the sequences in all eight isolates are noticeably more divergent in CP and ORF-2 than in ORFs 3, 4, and 5 (data not shown). In pairwise comparisons, the overall nt identity among the RNA-2 molecules ranged between 58 and 79 %. Based on the percent identity, the five PCV isolates fall into two groups, PCV-S and -Ni as one group with 79 % identity and PCV-B, -N, and -M as a second group with 72 % identity. Nucleotide identities between these two groups varied from 58 to 64 % and either of them showed similar identity when compared with the three IPCV isolates, suggesting that they are as distantly related to each other as they are to the IPCV isolates. Among the three IPCV isolates, the greatest identity of 77 % was observed between IPCV-H and -D, whereas IPCV-L showed 65 and 68 % identity with IPCV-D and IPCV-H isolates, respectively. These results indicate that IPCV isolates fall into two groups with IPCV-H and -D as one group distinct from IPCV-L. The nt identity also suggests that IPCV-L is as distantly related to either of the two other IPCV isolates as to the five PCV isolates.
Diversity in RNA-2 encoded proteins among isolates of PCV and IPCV
The CP ORF of the five PCV and three IPCV isolates vary from 603 nt (IPCV-L) to 702 nt (PCV-N) in length ( Table 1 ). The CPs of PCV-Ni and PCV-S are the most closely related with 79 % and 89 % identity at the nucleotide and amino acid level, respectively. This value, together with their serological relatedness, suggests that PCV-Ni might be a strain of PCV-S. The CPs of PCV-B, -N, and -M showed higher nucleotide (65-67 %) and amino acid (74-77 %) identities among themselves than with the CPs of the other two African or three Indian isolates. The CPs of IPCV-D, -H, and -L, on the other hand, showed nucleotide and amino acid sequence identities between 58-65 % and 61-66 %, respectively, among themselves and with PCV-S and -Ni. These results indicate that the three Indian isolates (IPCV-D, -H, and -L) and the two African isolates (PCV-S and Ni) form one group whereas the other three Africa isolates (PCV-B, -N, and -M) form a separate group.
Multiple alignments of CP sequences between the five PCV and three IPCV isolates showed conservation of several amino acid residues, with a preponderance of hydrophobic residues, at different positions across the entire CP (Fig. 2) . Several important residues, including arginine and glutamic acid in the central and C-terminal parts (indicated by asterisks), respectively, that have proposed structural and functional roles in the CPs of rod-shaped viruses like tobamoand tobraviruses [7, 10] are well conserved among all isolates. The C-terminus, ORF-2 is highly variable in length among all PCV and IPCV isolates, ranging between 909 and 1104 nt (Table 1) . In pairwise comparisons, the amino acid sequence identity values for the ORF-2 encoded protein ranged between 25 % and 60 % depending on the viruses compared. Multiple alignment of the ORF-2 translation product showed a marked discontinuity in the degree of similarity among N-terminal and among C-terminal portions. In the N-terminal 180 amino acids, a total of 22 identical and 29 similar residues were found among all isolates, whereas no identical or similar residues were found in the remaining C-terminal portion of these isolates. It is also interesting to note that the "leucine zipper" (Lx 6 -L-x 6 -L-x 6 -L) reported earlier in IPCV-L between residues 200 and 221 [25] , is present only in IPCV-D (residues 70 and 91) and PCV-Ni (residues 265-286).
Of the three ORFs in the triple gene block (TGB), ORF 4 and 5 are most similar in size among the eight isolates (Table 1) . However, ORF 4 is highly conserved with 81-92 % and 90-98 % identity, whereas ORF 5 showed 64-89 % and 54-81 % identity at the nucleotide and amino acid level, respectively, among these isolates. The nucleotide and amino acid identities of ORF 3 ranged, respectively, between 63-88 % and 66-92 % depending on the viruses compared. Of the three TGB proteins, multiple alignments of the protein encoded by ORF 3 of all eight isolates showed marked discontinuity in the degree of similarity among N-terminal and among C-terminal portions. Whereas in the C-terminal 345 amino acids that showed good alignment, 233 (67 %) residues were identical in all isolates and in the remaining N-terminal portions of the proteins, no amino acid residues could be aligned in all eight sequences.
Previous studies have shown that the TGB proteins of IPCV-L and PCV-S have greater similarities with Barley stripe mosaic virus (BSMV) and Potato mop top virus (PMTV) than with other TGB-containing viruses [11, 25] . The sequence data for the PCV and IPCV isolates obtained in this study also shows similarities with BSMV and PMTV and contain several conserved domains found in respective proteins of hordeiviruses [33] . Thus, ORF 3 of all PCV and IPCV isolates contain the putative NTPase/helicase motifs, ORF 4 contains a strongly conserved central region flanked by potentially membrane-spanning or -associated hydrophobic domains, and ORF 5 also contains hydrophobic domains [11, 33] (data not shown).
The 5 and 3 NCRs show distinct patterns of similarity among PCV and IPCV isolates
Comparative analyses of the NCRs among all eight isolates showed greater variability in length in the 5 NCR than in the 3 NCR (Table 1) In contrast, the 3 NCR is well conserved among the eight isolates with greater than 85 % nucleotide identity. The sequences of the tRNA-like structures, reported earlier at the 3 end of PCV-S RNA-2 [9] , are highly conserved among the eight isolates. A few nucleotide differences in the tRNA-like structure were observed in IPCV-L, -H and PCV-B, -N, and -M. These changes, however, appear to have no significant effect on the overall tRNA-like structure (data not shown). In contrast to an incomplete anticodon (G C) present in PCV-S, the intact anticodon for valine (GAC) is conserved in other isolates.
Phylogenetic relationships
Phylogenetic relationships of the five PCV and three IPCV isolates were evaluated using entire RNA-2 sequences as well as different coding and non-coding regions. Trees generated using the neighbor-joining method distinguished the eight isolates into two clusters (Fig. 3a) . Maximum likelihood trees had similar topologies and generally showed very similar results (data not shown). In both analyses, two of the five West African isolates (PCV-S and -Ni) shared a common node with the three IPCV isolates to form one cluster, while the other three African isolates (PCV-B, -N, and -M) formed a second cluster. This indicates that there is no obvious relationship between the phylogeny of these viruses and their geographical origin. Within the IPCV cluster, IPCV-H and -D formed one group suggesting that they diverged from one another after IPCV-L had diverged from their common ancestor. Similarly, within the PCV-B, -N, and -M cluster, PCV-B and -M grouped together and diverged from PCV-N. Phylogenetic tree topologies for individual ORFs of all PCV and IPCV isolates showed an overall similarity with that obtained from the entire RNA-2 sequences (Fig. 3b-f) . However, the relative positions of individual isolates within each cluster vary when different ORFs were used for generating the phylograms. On the otherhand, the phylograms derived from 5 NCR and 3 NCR sequences displayed different topologies (Fig. 3g, h) . Such a phylogenetic incongruence between PCV and IPCV isolates suggests possible recombination in the RNA-2 sequences.
A preliminary analysis of the RNA-2 sequences using the program GENECONV [27, 31] revealed a total of 22 putative recombination events among the PCV and IPCV isolates that were significant using a multiple-comparisoncorrected permutation test (P < 0.001) (data not shown). The most significant of these putative events (1431 nt long) was observed between IPCV-H and -D sequences spanning from the first quarter of ORF 3 through the very end of ORF 5. The remaining 21 events were mapped within the 5 and 3 NCRs with recombination fragments ranging in size from 50 to 321 nt. Fourteen of these recombinant events were observed in the 3 NCR between all PCV and IPCV isolates and the remaining seven were observed in the 5 NCR only between PCV isolates. 
Discussion
The present study provides a comprehensive analysis of the molecular diversity among RNA-2 genomic segments of PCV and IPCV isolates infecting peanuts, respectively in West Africa and India. Although the genome organization among all isolates is similar, the comparative data clearly showed that there is substantial divergence among the RNA-2 genomes of PCV and IPCV isolates. This diversity is not random and is more structured in that the CP and ORF-2 translation products, located in the 5 part of RNA-2 genomic segments, are highly variable whereas the TGB proteins, located in the 3 part, are more conserved. Such diversity suggests that different proteins encoded by RNA-2 genomes of pecluviruses have evolved differently, possibly due to different selection pressures. Thus, the TGB proteins, involved in viral spread through plants [13] , seem to be under strong selection pressure to maintain sequence integrity and function, and the CP and ORF-2 are under divergent selection pressure to allow adaptation to different host-vector niches. PCV and IPCV were classified into two species in the genus Pecluvirus largely based on their geographical origin and serological specificity [8] . The genomic sequence comparisons between PCV and IPCV isolates revealed that RNA-2 gene products vary more than RNA-1 products [11, 17, 23, 25] . This pattern of genome variation in PCV and IPCV is similar to that reported in TRV; RNA-1 molecules of TRV strains are relatively similar whereas RNA-2 molecules are distinct [22] . Based on the guidelines proposed for virus classification [20, 36] , an overall RNA-2 sequence identity between 58 and 79 % among the five PCV and three IPCV isolates would indicate their separation into distinct species. Nevertheless, nucleotide sequences of RNAs 1 of PCV and IPCV isolates and compatibility studies involving their genomic RNAs would provide further information in determining whether they should be considered either as distinct species along the lines suggested earlier [25] or genetically divergent strains of the same species as in the case of TRV.
Similar to TRV, there is a lack of correlation between the serological relatedness of PCV and IPCV isolates and their geographic distribution. For example, the two serologically related PCV-S and PCV-Ni isolates occur in Senegal and Niger, respectively, and the three serologically distinct isolates of IPCV occur in geographically widely separated locations in India [26] . In contrast, serologically unrelated isolates of PCV were found to occur within the same field, for example in Senegal [14, 18] . No information, however, is available on whether antigenically distinct isolates of IPCV occur within the same field. Since pecluviruses are seedborne in peanut and several monocotyledonous species [6, 15, 28, 35] , it is also unknown whether seed exchange contributes to introduction of PCV and IPCV isolates to new areas. Due to the limited value of serology in diagnosing diverse isolates of PCV and IPCV, RT-PCR assays, using sequence information reported in this study, will be useful in rapid evaluations of the variability among pecluviruses and permit the generation of data for detailed molecular epidemiological studies of peanut clump disease both in West Africa and India.
The CPs of all PCV and IPCV isolates showed conservation of several residues (Fig. 2 ) that were found in tobraviruses and tobamoviruses, which have similar rod-shaped particle structure [10] . Thus, in analogy with the structure predictions for the CPs of TMV and TRV [2, 10] , all PCV and IPCV isolates have structural features similar to those of tobraviruses and tobamoviruses with their N and C termini located on the external surface of the virus particle. The C-terminal domain of the CPs of PCV and IPCV isolates is highly variable, and by analogy with previous studies on tobraviruses [5, 16, 21] , this domain could presumably be exposed on the surface of the virus particles and have a high mobility. In depth studies on the three-dimensional molecular structure of the CP by epitope mapping [16] and Raman optical activity [2] would provide insights into pecluvirus particle structure and function at the molecular level.
Circumstantial evidence indicates that the protein encoded by ORF-2 might be involved in transmission by the fungal vector as deletions in ORF-2 in isolates that were maintained by mechanical inoculations have frequently been observed [17] . This protein is expressed by a leaky scanning mechanism in vitro [12] and seems to be unique to PCV and IPCV since a protein(s) analogous to ORF 2 is not present in the genomes of other characterized fungus-transmitted viruses [1] . Thus the role of ORF-2 encoded protein in vector transmission and whether variability in this protein as well as CP reflects specificity in interactions between different PCV and IPCV isolates and the vector remains to be studied.
Considering the wide diversity in RNA-2 genomes of PCV and IPCV isolates infecting peanuts in Africa and India, we speculate that these isolates have evolved independently, and were already widely perpetuating, possibly on indigenous host plants, viz. perennial grass species. It is likely that PCV and IPCV isolates cause symptomless infections in indigenous reservoir host species in which they have coevolved and to which they are well-adapted but cause severe damage to introduced susceptible species to which these viruses are not adapted. This is plausible since peanut, a native of South America, is an introduced crop to Africa and Asia and therefore has become a 'new-encounter' host [4] . This argument is supported by the lack of resistance in cultivated peanut to clump disease [19, 30] indicating the absence of a co-evolution of peanut-PCV/IPCV pathosystem. Deploying CPmediated transgenic resistance for controlling clump disease in peanuts [32] might be of less practical possibility due to low levels of identity in the CP sequences of different PCV and IPCV isolates [25, present study] and the occurrence of heteroencapsidation when transgenic tobacco plants expressing IPCV-H CP were challenge inoculated with IPCV-L [3] . Nevertheless, RNA-2 sequences obtained in this study provide useful information in devising alternative strategies, perhaps utilizing the highly conserved sequences in the TGB proteins, in developing resistance to a diverse range of pecluviruses causing clump disease in India and West Africa.
